The Mycobacterium tuberculosis genome contains four phospholipase C (PLC)-encoding genes, designated plcA, plcB, plcC, and plcD, respectively. Each of the four genes contributes to the overall PLC activity of M. tuberculosis. PLC is hypothesized to contribute to M. tuberculosis virulence. Infection of M. tuberculosis strains carrying a truncated plcD gene is associated with the occurrence of extrathoracic tuberculosis. However, whether the other three plc genes are also associated with extrathoracic tuberculosis remains to be assessed. We investigated the insertion-and deletion-associated genetic diversity in all four plc genes among 682 epidemiologically and clinically well-characterized M. tuberculosis clinical isolates using PCR, DNA sequencing, and Southern hybridization. Two hundred sixty-six (39%) of the 682 isolates had an interruption in at least one of the four plc genes, most often associated with an IS6110 insertion. The plcD gene interruption was the most common: it was observed in 233 (34%) of the isolates, compared to 4.7%, 4.1%, and 5.9% for plcA, plcB, and plcC gene interruption, respectively. The association between the plc gene genotypes and disease presentation was adjusted for clustering using generalized estimating equations for both bivariate and multivariate analyses. After controlling for the genotypes of the plcABC genes and the host-related risk factors, interruption in the plcD gene remained significantly associated with extrathoracic tuberculosis (odds ratio, 3.27; 95% confidence interval, 1.32 to 8.14). The data suggest that the plcD gene might play a more important role in the pathogenesis of thoracic TB than it does in the pathogenesis of extrathoracic TB.
Phospholipase C (PLC) is involved in the pathogenesis of several bacterial infections (11, 16, 19, 20) . For Mycobacterium leprae, Mycobacterium microti, and Mycobacterium avium, high phospholipase activity was observed among bacilli harvested from host tissues (28, 29) , suggesting that phospholipase might be involved in the virulence of mycobacteria. However, the precise role of PLC in tuberculosis (TB) pathogenesis is unknown. Genome sequencing of Mycobacterium tuberculosis laboratory strain H37Rv (5) and clinical strain CDC1551 (http: //www.tigr.org) revealed four genes encoding PLC enzymes. Three of these genes, plcA, plcB, and plcC, are organized in tandem (locus plcABC). The fourth gene, plcD, is located in a separate region. A recent functional study of M. tuberculosis demonstrated that all four genes encode functional PLC in M. tuberculosis, and each gene contributes to overall PLC activity (13) . Furthermore, in mice, when the virulence of a plcABCD quadruple mutant was compared to a plcABC triple mutant, both showed the same level of attenuation, suggesting that either plcD does not contribute to virulence or it acts in association with other phospholipase-encoding genes.
Several previous studies using small, selected samples of M. tuberculosis clinical isolates have found insertions or deletions in the plcA, plcB, plcC, and plcD genes (9, 18, 21, (23) (24) (25) . Recently, we reported the association between insertion-and deletion-associated mutations in the plcD genotype and extrathoracic TB (31) ; however, the potential association of mutations in the other three plc genes remains to be investigated. In order to gain a better understanding of the relative contribution of the four plc genes to the pathogenesis of human TB, we investigated the genetic polymorphisms of all four plc genes and compared the distribution of their genotypes among study subjects with different clinical presentations using a case control study design.
MATERIALS AND METHODS
Study sample and bacterial isolates. We included 682 culture-confirmed M. tuberculosis isolates from TB patients diagnosed in Arkansas between 1 January 1996 and 31 December 2000. During the study period, a total of 973 TB cases were diagnosed in Arkansas; 719 cases were culture confirmed. Of these 719 cases, 682 (95%) isolates were available for the current study. This set included 355 unique and 327 clustered isolates belonging to 92 clusters defined by a combination of IS6110 restriction fragment length polymorphism (RFLP) and pTBN12 fingerprinting (4, 22) .
Patient data, including demographics, social behaviors, and clinical characteristics, were obtained from the surveillance records of Arkansas Department of Health. Of the 682 study patients, 604 had TB disease confined within the thorax, 46 had TB outside of the thorax, and 32 had concurrent thoracic and extratho-racic involvement. Among the 32 patients that had both thoracic and extrathoracic TB, five isolates were cultured from the thoracic sites, and the remaining 27 isolates were from the various extrathoracic sites. Of the 636 patients who had thoracic involvement, 584 had a chest radiograph report available for review, and 586 had a report of a stained sputum smear. Based on chest radiograph, 216 (36.99%) had cavitation in the lungs, and the remaining 368 (63.01%) did not. Of the 586 cases with sputum smear results, 251 (42.83%) were smear positive.
Genomic DNA of the patients' isolates was extracted from Lowenstein-Jensen slant cultures using standard procedures (12) . The study protocols and procedures for the protection of human subjects were approved by the Health Sciences Institutional Review Boards of the University of Michigan and the University of Arkansas for Medical Sciences.
PCR assays of the plc genes. DNA polymorphisms in the four plc gene regions were investigated first by PCR assays using primers shown in Fig. 1 . The plcD gene region was investigated with three PCR assays designated plcD-PCR1, plcD-PCR2, and plcD-PCR3, respectively. The plcA, plcB, and plcC gene regions were examined by PCR assays designated plcA-PCR, plcB-PCR, and plcC-PCR, respectively. The BD Advantage 2 PCR kit (BD-Biosciences Clontech, Palo Alto, CA) was used in all the PCRs except for plcD-PCR1 and plcD-PCR2. In plcD-PCR1, the BD Advantage GC-2 kit was used, while in plcD-PCR2, the MasterAmp Extra-Long PCR kit (Epicentre Biotechnologies, Madison, WI) was used to obtain a large PCR product for the positive reference strain (19.8 kb) and the wild-type isolates. The 16S rRNA gene PCR was performed to confirm the quantity and quality of the DNA templates (3). The plcA-PCR, plcB-PCR, plcC-PCR, and plcD-PCR1 used the same thermocycling parameters, i.e., 1 cycle at 94°C for 1 min followed by 26 cycles of 94°C for 30 s, 68°C for 30 s, and 72°C for 2.5 min and a final cycle at 72°C for 10 min. The thermocycling parameters for plcD-PCR2 were as follows: 1 cycle at 94°C for 3 min followed by 31 cycles of 94°C for 1 min, 68°C for 1 min, and 72°C for 14.5 min and a final cycle at 72°C for 10 min. For plcD-PCR3, the thermocycling parameters were as follows: 1 cycle at 94°C for 1 min followed by 28 cycles of 94°C for 30 s, 68°C for 30 s, and 72°C for 3 min and 10 s and a final cycle at 72°C for 10 min.
For the plcA, plcB, and plcC genes, M. tuberculosis clinical strain CDC1551 was used as a positive control in the PCR assays, and the BCG Australian strain was used as a negative control (1) . For the plcD gene, genomic DNA from clinical strain CDC1551 was used as a positive control, and H37Rv was used as a negative control, because the plcD gene region is truncated in strain H37Rv (5) and is intact in strain CDC1551 (http://www.tigr.org).
Southern blot and hybridization. For isolates that had consistently negative PCR results, Southern blot hybridization was conducted to confirm the potential partial or complete absence of the plc genes. The restriction endonuclease PvuII was used to digest the chromosomal DNA. Because the plcA, plcB, plcC, and plcD genes share about 70% sequence homology, the purified plcD-PCR1 product of CDC1551, named probe 1, was used as a probe to detect the presence or absence of all four plc genes. For plcD detection, two additional probes, named probes 2a and 2b, complement to the flanking regions of the plcD gene, were used after probe 1 to confirm the presence or absence of the 3.9-kb and 4.6-kb restriction fragments of plcD (Fig. 1) . One microgram of DNA of each isolate was digested using PvuII and subjected to electrophoresis in 1% (wt/vol) agarose gel in 1ϫ Tris-borate-EDTA (pH 8.0) buffer. The DNA was blotted onto nylon membranes (Hybond-Nϩ; Amersham Biosciences, Piscataway, NJ) by using a Vacuum Blotter (model 785; Bio-Rad Laboratories, Hercules, CA) and hybridized with probes that were covalently labeled with chemiluminescence and then detected using the Gene Images AlkPhos Direct Labeling and Detection system (Amersham Biosciences, Piscataway, NJ) according to the manufacturer's instructions, except that the stringency temperature was changed from the recommended 55°C to 60°C.
DNA sequencing. For the isolates, the PCR products of which showed an altered size compared with that of the positive control, automated DNA sequencing was performed at the Sequencing Core at the University of Michigan to confirm the insertion and deletion events in the genes examined using the PCR products purified with a QIAquick PCR purification kit (QIAGEN, Valencia, CA). Primers used for the PCR assays were used for DNA sequencing. Sequence comparisons were performed using Edit Seq 5.02 and MegAlign 5.01 software (DNAStar Inc., Madison, WI).
Definitions. For this study, a mutant type was defined only when an isolate had a large sequence variation consisting of an IS6110 insertion and/or deletion in one of the plc gene regions; isolates that generated a PCR product of the same . Genes between IS6110 and MT1817 are omitted due to space limit. Primers and sequences are as follows: CPF, 5Ј-AAGCCGAA ATACACGAGGGAGAGC-3Ј; CPR, 5Ј-GGGCGGCAAAGGCGGACCAAGAG-3Ј; BPF, 5Ј-CGGCAGGCAGGCGGAATCAGAACA-3Ј; BPR, 5Ј-TCCGGCGAATGCACCTTGGCTCAC-3Ј; APF, 5Ј-GCAGGAAGGCAGGGCAAGTG-3Ј; APR, 5Ј-TCGAACGCCGGGAGATTAC C-3Ј; DP1F, 5Ј-CGCGCGCCGCCGCGCCGAAATA-3Ј; DP1R, 5Ј-TCGCCCGGACAGGTCAACAAGGTG-3Ј; DP2F, 5Ј-CGCTGGTACACC TGGGGAATCTGGTGACGTAGA-3Ј; DP2R, 5Ј-GTCCACTGTCGCCCGGACAGGTCAACAAGGTGT-3Ј; DP3F, 5Ј-ACACGAGACATTT GGGCTAG-3Ј; DP3R, 5Ј-CAATGCGGATATCAGTGGAC-3Ј.
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on December 18, 2017 by guest http://jcm.asm.org/ size as that of the positive control strain were classified as the wild type. Isolates that had a partial plcD gene deletion and deletion of adjacent genes were classified separately as plcD and adjacent gene mutant group and were treated as a separate group in the data analyses. Since plcA, plcB, and plcC are not cotranscribed (8, 13) as a polycistron even though they are organized as a cluster in the genome of M. tuberculosis, the plcA, plcB, and plcC mutant types were defined solely based on the interruption of the individual genes.
To study the association between the insertion-and deletion-associated interruption in the plc genes and clinical TB phenotypes, we classified the study patients into thoracic TB and extrathoracic TB groups. Patients whose disease sites were confined to lungs, pleura, and intrathoracic lymph nodes were classified into the thoracic TB group; patients who had extrathoracic involvement with or without concurrent diseases within the thorax were considered to have extrathoracic involvement. For those who had thoracic involvement, we grouped them into cavitary and noncavitary TB groups and sputum smear-positive and -negative groups.
Statistical analysis. We assessed the associations between the four plc gene genotypes and the clinical characteristics of the disease, including extrathoracic TB involvement, cavitation in the lungs, and positive sputum smear. The genotypes of the plcD gene and plcABC genes were treated as two individual variables in the analysis. The functional effect of a mutation in the plcA, plcB, or plcC gene was considered to be the same as that previously shown by Raynaud et al. (13) . Considering the likelihood that mutations observed among cases in a cluster defined by IS6110 RFLP and the pTBN12 pattern (4, 22) would not be independent, we used generalized estimating equations (GEE) to control for intracluster dependence (10, 32) in both bivariate and multivariate analyses. The magnitude of the associations was estimated using the odds ratio (OR) and 95% confidence intervals (95% CI). Multivariate analyses using the logistic regression GEE model were conducted to control for potential confounding by the genotypes of plcABC and host-related factors. All the statistical analyses were done using SAS version 8.0 (SAS Institute, Cary, NC).
RESULTS
Polymorphisms of plc genes. We observed an interruption in at least one of the four plc genes in 266 (39%) out of 682 M. tuberculosis isolates investigated. Among the 266 isolates with a mutation, 228 (33.43%) had a mutation in only one of the four plc genes, 19 (2.78%) had a mutation in two of the plc genes, 9 (1.32%) had a mutation in three plc genes, and 10 (1.47%) had mutations in all four plc genes. Most of the mutations occurred in the plcD gene region (233/266 [88%]). Among the 32, 28, and 40 isolates that had a mutation in plcA, plcB, and plcC, respectively, 26 (81.25%), 16 (57.14%), and 18 (45%) isolates also had a mutation in plcD. Of the 233 plcD mutants, 10 (4.29%) also had a mutation in the plcA gene, 16 (6.87%) had a mutation in the plcB gene, and 18 (7.72%) had a mutation in the plcC gene. The profiles of plc gene genotypes, in terms of the frequency distribution of different combinations of mutations, are shown in Fig. 2 .
IS6110 insertion. When PCR products showed a different size in comparison with the positive control, the PCR products were sequenced; 13, 9, 27, and 144 products were sequenced for plcA, plcB, plcC, and plcD, respectively. Twelve of the 13 isolates sequenced for plcA had an IS6110 insertion within the gene in the same orientation as that of plcA transcription; the remaining isolate had an IS6110 in the reverse direction. Of the nine isolates sequenced for plcB, seven had an IS6110 insertion within the gene in the direction of gene transcription, while the other two isolates had an IS6110 insertion within the gene in the reverse direction. Of the 27 isolates sequenced for the plcC mutation, 16 had an IS6110 insertion within the gene in the direction of plcC gene transcription, 10 had an IS6110 insertion within the gene in the reverse direction, and 1 isolate had a 115-bp deletion in plcC without an IS6110 insertion. Of the 144 isolates sequenced for plcD, 17 had an IS6110 insertion in the direction of plcD gene transcription, 14 had an IS6110 insertion in the reverse direction, 7 isolates had an IS6110 insertion in the reverse direction followed by a partial plcD deletion, and 106 isolates had an IS6110 insertion and a deletion of partial plcD and adjacent genes. Of these 106 isolates, 70 had an IS6110 insertion within the gene in the same direction as the orientation of gene transcription, and 36 had an IS6110 insertion within the gene in the reverse direction.
The numbers of IS6110 insertion sites found in the plcA, plcB, plcC, and plcD genes were 6, 5, 16, and 27, respectively. The most common sites of IS6110 insertion in plcA, plcB, plcC, and plcD are shown in Table 1 . When IS6110 was inserted without a partial deletion of plc genes and the adjacent region, a 3-to 4-bp sequence duplication at the site of the insertion was observed; otherwise, this 3-to 4-bp duplication was not seen.
Association of plc gene polymorphism with clinical presentation. The associations between the plc gene polymorphisms and three clinical characteristics of the disease, including extrathoracic TB involvement, cavitation in the lungs, and positive sputum smear, were explored using GEE. In bivariate analysis using GEE, we did not find any statistically significant association between any of the plc gene genotype profiles and cavitation in the lungs or a positive sputum smear. There was, however, a statistically significant association between plcD gene mutation and extrathoracic TB involvement (Table 2) . After controlling for mutations in the plcABC genes in a GEE logistic regression model, the association between plcD gene mutation and extrathoracic TB involvement remained almost the same (OR of 2.87 and 95% CI of 1.33 and 6.16 after adjustment versus OR of 2.86 and 95% CI of 1.32 and 6.19 prior to adjustment). When the three previously identified host-related risk factors for extrathoracic TB (human immunodeficiency virus [HIV] seropositive, black ethnicity, and female) (30) along with the genotypes of plcABC genes were included in the GEE logistic regression model, interruption in the plcD gene remained significantly associated with extrathoracic TB (Table 3) .
DISCUSSION
To gain a better understanding of the potential contribution of the plc genes of M. tuberculosis to human TB, we extended our previous population-based study of plc gene genetic diversity and its clinical association from focusing only on the plcD gene (31) to focusing on all four plc genes and increasing the number of isolates/cases from 496 to 682. The present study confirmed our previous finding of a significant association between the plcD gene mutation and the occurrence of extrathoracic TB after controlling for host-related risk factors and the genotypes of the plcABC genes. It has provided a more complete assessment of the relative contribution of all four M. tuberculosis plc genes to the pathogenesis of human TB. The data suggest that the plcD gene might play a more important role in the pathogenesis of thoracic TB than it does in the pathogenesis of extrathoracic TB; in contrast, the other three plc genes may have an equally important role in the pathogenesis of both thoracic and extrathoracic TB.
M. tuberculosis clinical strains with major polymorphisms in all four plc genes and impaired plc gene expression have been reported previously by others (25) . Raynaud et al. recently demonstrated that plcABC triple mutants and plcABCD quadruple mutants were attenuated for growth in the lungs and spleens of mice, and the expression of the different plc genes was important for virulence at different time points of the infection (13). In our study, 10 isolates from 10 patients with only thoracic TB had a plcABCD quadruple mutant. These 10 isolates were defined as eight different strains by IS6110 and pTBN12 fingerprinting. Among these 10 patients, 3 had cavities in the lung, and 5 were sputum smear positive. All 10 patients were HIV seronegative. Thus, it is unclear whether or not the PLC function is necessary for the bacilli to cause thoracic TB in all hosts. This also suggests that PLC may not be the only enzyme that is needed by M. tuberculosis to establish pathology in the lung. a A 3-to 4-bp duplication at the site of the IS6110 insertion is shown with underlining. This duplication happened when IS6110 was inserted without a partial deletion of the plc genes and adjacent regions.
b The genome sequence of CDC1551 was used as a reference. c The number of nominators and denominators was counted by strain, which was defined by RFLP and pTBN12 genotyping.
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on December 18, 2017 by guest http://jcm.asm.org/ PLC expressed within host cells might serve several functions related to virulence. First, these enzymes might provide the bacterium with nutrients by releasing fatty acids from host phospholipids, which might be a major energy source for M. tuberculosis in chronically infected lung tissue (15, 27) . A second possible role for PLC would be to degrade the phagosome/ endosome membrane to change its permeability or to interrupt its function (28, 29) . Finally, PLC can hydrolyze membrane phosphatidylinositol of macrophages to release free arachidonic acid. Arachidonic acid metabolites can mediate inflammation by stimulating macrophage aggregation and granulocytic chemotaxis, thus activating the host immune responses (11, 20) . Given these possible functions, we hypothesize that an alteration of the plcD gene will decrease PLC activity and impair the ability of tubercle bacilli to degrade the phagosome/ endosome membrane, causing persistence of M. tuberculosis within the macrophage and allowing the microbe to travel to distant organs via hematogenous spread. An alternative hypothesis is that interruption of the plcD gene reduces the release of arachidonic acid from the macrophage membrane, thereby reducing the migration of monocyte-derived macrophages and T and B cells to the initial lung infection, thus increasing the chance of the bacillary spread to other organs. To explore the role of plc genes in the pathogenesis of extrathoracic TB, studies could be conducted by infecting animals with M. tuberculosis strains having different profiles of plc gene genotypes to compare the risk and extent of extrathoracic TB among animals infected with various genotypes.
Previous investigations of the genetic diversity of M. tuberculosis plc genes used either convenience samples or selected samples (7, 18, 21, 25) . In our population-based sample, we observed that the plcD mutation accounted for 88% (233/266) of the mutations found in the plc genes; this is consistent with the previous findings of Talarico and colleagues, who used a convenience sample collected from Turkey (18) . In the current study, almost all the deletion and insertion events in the plc genes were IS6110 related. The existence of numerous preferential insertion sites of IS6110 has been demonstrated previously (2, 6, 14, 26) , and phospholipase C genes of M. tuberculosis have been reported to be preferential loci for IS6110 transposition (23) . Our results suggest that within the plc genes, some sites for IS6110 insertion are much more common than others.
There is no statistically significant association between simultaneous mutation in plcD and adjacent genes and extrathoracic TB involvement. Some of the isolates in our study were classified as having simultaneous mutations in the plcD gene and adjacent genes by Southern hybridization, but the mutations in the adjacent genes were not accurately characterized. The potential effect of mutations of the adjacent genes on the plcD gene mutation that favors development of extrathoracic TB remains to be assessed after the genetic profiles of the genes adjacent to plcD are better characterized in future studies. a Adjusted OR is adjusted for mutations in other plc genes and the three host-related factors using logistic regression GEE (n ϭ 682).
One limitation of this study is that the method we used is restricted in its capacity to identify small sequence variations, such as single-nucleotide polymorphisms, and such small variations might also have an influence on gene expression or gene function. Thus, it is possible that some isolates with point mutations or small deletions were misclassified as wild-type isolates. However, this type of nondifferential misclassification would tend to bias the result toward that of no association between the plc gene genotypes and extrathoracic TB (17) . If the point mutation or small insertions or deletions in the plc genes were counted in defining the mutation in plc genes, the observed associations would have been enhanced.
